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Introduction
Most manual tasks involve sequentially linked actions, or action phases, such as grasping, lifting, transporting and replacing a cup on a table when drinking coffee. Although we perform such tasks seemingly effortlessly, they require intricate sensorimotor processing, where important control operations relate to discrete multimodal events that demarcate action phases (Flanagan et al., 2006; Johansson and Flanagan, 2009 ). The fast and efficient action phase transitions required for skilled manual behavior rely on predictive (or feed-forward) mechanisms (Säfström et al., 2013; . Predictive manual actions can be observed in human infants when reaching to grasp objects as early as 4-5 months old (von Hofsten and Fazel-Zandy, 1984; von Hofsten and Rönnqvist, 1988) . During early action development, infants and toddlers also display differences in reaching kinematics depending on the ultimate action goal, demonstrating a fundamental predictive ability when performing sequential actions (Chen et al., 2010; Claxton et al., 2003) . Fine-tuning of motor control processes gradually progresses in interrelation with sensorimotor experience, advances in brain development and muscular maturation. Deviations from typical developmental trajectories may impair the acquisition of motor skills, with related negative impact on perceptual, social, and cognitive abilities (Smith, 2005) . Motor dysfunction is also increasingly highlighted in neurodevelopmental disorders such as autism (Mostofsky et al., 2009) , possibly associated with impaired predictive ability (Sinha et al., 2014) . Still, little is known about the development of predictive control mechanisms over the childhood years. During single manual actions, children appear to more consistently use anticipatory coordination at about 8 years of age when lifting objects (Forssberg et al., 1991) and in reaching tasks (Wilson and Hyde, 2013) . In keeping, studies involving sequential manual actions have reported agerelated differences in the spatio-temporal planning of manual movements between younger (4-6 years) and older (10-11 years) children and adults (Domellöf et al., 2019; Wilmut et al., 2013) . Control of actions also involves "higher-level" cognitive processing related to, for instance, the overall action purpose. Kilner (2011) suggests four different hierarchically organized but inter-dependent action levels, ranging from movement kinematics to the overall task goal, where any event at one level may affect any other level. In a developmental perspective, it may thus be that less efficient action performance ("lower-level") in children could be due to less mature cognitive processing ("higher-level"). For example, efficient movement control relies on an ability to inhibit prepotent, improper responses, which is a higher-level executive function. During late childhood (9-12 years), inhibitory action control abilities undergo important maturation, with more efficient inhibitory performance associated with more adult-like brain activation patterns (Cai et al., 2019) . Despite the presence of the proper neural circuitry, adolescents may display problems with inhibitory behavior due to a failure to engage inhibitory control mechanisms in a dependable manner (Constantinidis and Luna, 2019) . In other words, inhibitory control continue to mature through adolescence, and action performance is likely to be affected by maturational ability for higher-level response preparation, planning and error processing.
Thus, predictive control of sequential manual actions is an early established, complex function that relies on the integrity and maturity of many levels of the central nervous system. Every day, we depend on this ability in countless different situations, but we lack basic knowledge of underlying brain activations during development, and potential relations to cognitive control. Such knowledge is important to better understand and address motor problems in both typically and atypically developing children. We investigated these issues in typically developing (TD) children at early adolescence (11-14 years) using the same experimental paradigm as in a recent functional MRI (fMRI) adult study (Säfström and Domellöf, 2018) , allowing a comparison between child and adult data. In a MRI scanner, the participants manually steered a cursor towards sequentially presented targets. To complete a target, the cursor had to be held within the target zone for 0.6s before moving to the next target. The overall goal was to complete as many targets as possible. If the cursor exited the target prematurely (before 0.6s) the participant had to return the cursor to the target zone and redo the hold period. Failing to inhibit cursor movements from the target zone until goal completion was therefore detrimental to task performance. There were two conditions, one with the upcoming target shown in advance (allowing a predictive control strategy) and one with the next target appearing at an unpredictable location after completion of the current target (not allowing a predictive strategy). The adults used an efficient predictive control strategy when applicable, which improved task performance (Säfström and Domellöf, 2018) .
Previous studies have demonstrated a clearly reduced ability to inhibit incorrect actions in adolescents compared with adults (Jonkman, 2006; Hämmerer et al., 2010) . Thus, in addition to exploring brain activations in children at early adolescence compared with adults during target-chasing, we specifically hypothesized that the children would have difficulties with employing an adult-like efficient predictive control strategy due to a lack of accurate timing of movement initiation (i.e. problems inhibiting the forthcoming movement). A reduced ability to inhibit incorrect actions would cause an increased demand for higher-level executive control and attention directed to task performance (Kübler et al., 2006) . We therefore hypothesized that, compared with adults, the children would show increased brain activation in prefrontal regions related to deliberate (non-automatic) executive control (Wagner et al., 2001; Fassbender et al., 2004) and posterior parietal regions involved in control of visuospatial attention (Corbetta and Shulman, 2002; Carter et al., 2017; ) . In contrast to the children, we expected the adults to show increased activation in regions related to efficient motor behavior, such as the cerebellum (Ito, 2000; Debaere et al., 2004) .
Material and methods

Participants 6
The child group comprised seventeen healthy TD children with normal vision. One child was left-handed and consequently excluded, leaving sixteen right-handed (writing hand) children that were included in the analysis (nine boys, seven girls; mean age: 12.7 years, range: 11-14).
This number of participants has provided adequate statistical power in previous studies using a similar target-chasing task Theorin and Johansson, 2007) . Notably, all children, at approximately 8 years old, had participated in an unrelated experiment involving structural MRI (Lenfeldt et al., 2017) and were thus familiar with the MRI setting.
Full scale intelligence quotient (IQ) at 8 years was within an average to above average range (mean IQ: 103, range: 89-118; Wechsler Intelligence Scale for Children, Fourth Edition). The children were compared with a group of sixteen healthy, right-handed (writing hand) adult participants (five males, eleven females; mean age 27.3 years, range 23-37; Säfström and Domellöf, 2018) . The study was approved by the Regional Ethical Board at Umeå University (2013-230-32M) and conducted in accordance with the Declaration of Helsinki. All children gave assent and their parents signed an informed consent form. All adult participants had given written informed consent prior to the experiment.
Experimental design
Task and general procedure
The participants performed the experimental task lying supine in a MRI scanner, controlling the position of a cursor on a computer screen by actively applying isometric forces to a rigid manipulandum with their dominant right hand ( Fig. 1A ).
<Figure 1>
The task was to move the cursor to a presented target, to actively hold the cursor within the target zone for a required duration of 0.6s, before moving the cursor towards the next target ( Fig. 1B,C) . In the case of the cursor leaving the target zone before the required duration, the participant had to return the cursor to the target zone and restart active holding for 0.6s.
Visual and auditory feedback were given to the participant at cursor entry into the current target and at goal completion at the end of the required hold duration (Fig. 1C ). The overall goal was to complete as many targets as possible during each 30s block of target chasing. Thus, although the task is an artificial fMRI task it involves both spatial and temporal control and incorporates several key features of natural manual tasks such as discrete sensory events marking goal completion of sequential action phases, that completion of each action phase is required before the task can progress, and that premature launchings of action phases, when resulting in errors necessitating corrective actions, may lead to substantial time losses (Säfström et al., 2013) . These features can be exemplified in a natural task such as drinking coffee, where the breaking and the subsequent making of contact between the cup and the support surface (which indicate the completion of the loading and replace action phases) is associated with discrete visual, auditory and/or tactile sensory events. Moreover, the cup must be properly grasped before subsequently lifted, or else, a premature lift may lead to accidentally slipping with the fingers, which requires corrections of the grip forces or even a repeated loading phase. Notably, because our task incorporates all these different sensory and motor features, we also expected it to elicit brain activations related to all these different task components. There were two different task conditions: a 'one-target' condition and a 'two-target' condition ( Fig. 1D,E ). In the one-target condition, each target was presented one at a time on the screen. After the current target had been completed, the next target appeared at a new, unpredictable position. Therefore, the location of the next target was always unknown during the hold phase ( Fig. 1D ). In the two-target condition, both the current target and the next target were presented simultaneously, although the next target was less salient in terms of target border width and color ( Fig. 1E ). After the participant had completed the current target, the next target became the current target, and a new next target appeared at an unpredictable location on the screen. These task conditions permitted us to evaluate the control strategies used by the participants. In the one-target condition, the movement vector for cursor transport towards the next target could not be specified before goal completion, which disallowed a predictive control strategy. In contrast, the two-target condition allowed a predictive control strategy since the movement vector could be specified before goal completion, that is, already during the hold phase (M NT in Fig. 1E ). Operationally, we expected that a predictive control strategy would have two behavioral manifestations: First, that it would be manifested as a shortening of the transport phase in the two-target compared with the one-target condition, since the specified motor commands for cursor transport towards the next target could be released in anticipation of goal completion. Second, we expected that the frequency of premature cursor exits would increase in the two-target condition directly prior to goal completion, compared with the one-target condition. Specifically, in a previous study using a similar task, we observed a prediction-related increase in the frequency of premature exits during the last 50ms prior to goal completion, presumably due to prediction errors caused by variability in the temporal estimation of goal completion, and in the execution of motor commands (Säfström et al., 2013) . We also expected that this task would sensitively reveal difficulties with inhibiting movements, since the movement of the cursor had to be inhibited until goal completion (in both conditions) in order to avoid a premature cursor exit. However, difficulties with inhibiting movements may be particularly pronounced in the two-target condition since the movement vector for cursor transport towards the next target could be specified during the hold phase, but nevertheless had to be inhibited until goal completion.
Operationally, we expected that difficulties with movement inhibition would be manifested as an increased frequency of premature cursor exits in children compared with adults, and in the two-target compared with the one-target condition. Notably, in contrast to premature exits linked to prediction errors, we expected errors linked to difficulties with movement inhibition to be distributed more uniformly throughout a longer time interval, that is, we had no reason to suspect that they would increase directly prior to goal completion.
Before the experimental session, all participants had a 15 min training session in a mock scanner to be familiarized with the MRI environment and the experimental task. Also, the participants completed about 5 min of training inside the MRI scanner before data collection started to ensure that they had understood the instructions correctly and could perform the task. For the data collection, each participant completed four consecutive scanning runs. Each run consisted of 12 blocks: four 30s one-target blocks, four 30s two-target blocks, and four 30s rest blocks where the participants had been instructed to visually fixate on a crosshair in the middle of the screen. In total, each participant completed 48 blocks (4 runs x 12 blocks).
Two blocks of target chasing were always followed by one block of rest. One-target and twotarget blocks were counterbalanced between runs in an order not possible for the participants to predict. Additionally, each target-chasing block was preceded by a 6s preparation period and succeeded by a 6s feedback period (notably, these periods were not included in the 30s target chasing blocks described above). During preparation, the participants were given a written instruction (in Swedish) on the screen (in translation: "Your goal is to complete as many targets as possible") and a countdown was presented. During feedback, the participants could see the number of targets completed during the block they just performed, together with the individual high score based on all previous blocks. The preparation and feedback periods were included to enable a clearly defined "overall goal" (just as in most natural manual tasks) and also to motivate the participant to complete as many targets as possible for continuous task engagement. A 1 min break was given between the scanning runs, and the data collection lasted approximately 35 min in total.
Apparatus
A MRI-compatible rigid spherical manipulandum (4cm diameter), attached to a custom-made optical 6-axis force transducer (400 samples/s), was used to move the cursor on the computer screen ( Fig. 1A) . To avoid muscle fatigue during target-chasing, only light forces had to be applied to the manipulandum: A force of 1 N moved the cursor 4.1cm in the plane of the screen (corresponding to 1.3 degrees visual angle). There was an intuitive and simple spatial mapping between applied force direction and cursor movement (similar to a joystick).
Importantly, if no force (0 N) was applied to the manipulandum, the cursor assumed a position in the center of the screen. Therefore, the participants had to continuously apply forces, and thus continuously engage with the task, in order to hold the cursor stationary within, or move the cursor between, targets. To prevent accidental cursor exits from the target zones, the target zones were relatively large (see below), and the force signals controlling the cursor were low-pass filtered at 4 Hz to avoid cursor wobble due to any physiological tremor.
Sensory feedback
The hold phase started when the cursor (filled circle, diameter 14.2mm) entered the current target (open circles, diameter 49.6mm), and ended at goal completion (after 0.6s). Visual and auditory feedback indicated cursor entry into the current target and goal completion of the hold phase (Fig. 1C ). Regarding visual feedback, at cursor entry the thickness of the current target border, in magenta color, increased from 0.9mm to 2.2mm. At goal completion the target doubled in diameter for 33ms in a flash-like manner before disappearing. The next target (only displayed in the two-target condition) had a 0.4mm white border (which increased to 0.9mm and changed color to magenta when it became the current target). Regarding auditory feedback, cursor entry was indicated by a 8ms click-sound, and goal completion by a beep (1 kHz for 50ms). If the cursor exited the current target prematurely (before 0.6s), the participant did not obtain feedback about goal completion and the current target remained on the screen. Forty-four different target locations, the same set for each participant, were distributed equally across the four quadrants of the screen. The shift in target location occurred 0.25s after goal completion, or when the cursor exited the zone of the completed target. The distance between two successive targets was always 15.5cm and the direction to the next target was uniformly distributed in the range between 0 and 360° (Sailer et al., 2005) .
Functional brain imaging
The study was carried out on a 3 Tesla whole-body MRI system (Discovery MR 750, GE Medical Systems) equipped with a 32-channel head coil. Blood oxygenation level-dependent (BOLD) signals were acquired using a T2*-weighted echo-planar imaging sequence covering the whole brain. The following parameters were used for the pulse sequence: echo time = 30ms, repetition time = 2000ms, flip angle = 80°, field of view 25cm. The in-plane resolution was 2.60 x 2.60mm 2 (matrix size = 96 × 96). An image volume comprised 37 slices of 3.4mm thickness with 0.5mm inter-slice gap. Following the functional scanning, structural highresolution T1-weighted images (180 slices) were collected using a three-dimensional fast spoiled gradient-echo (3D-FSPGR) sequence. A tilted mirror was attached to the head coil, allowing the participant to see the computer screen (screen size 35.6 x 28.5cm) at a distance of 179cm.
Statistical analyses
Behavioral data analysis
The behavioral parameters (i.e. dependent variables) analyzed were chosen to reflect 1) the overall task performance, 2) the behavior during the transport phase, and 3) the behavior during the hold phase. Specifically, the overall task performance was measured as target rate (i.e. number of targets completed per second) and the transport phase behavior was measured as transport time (i.e. time from goal completion to cursor entry into the next target). The hold phase behavior was analyzed by measures of the frequency of premature cursor exits from the target zone (i.e. cursor exits prior to goal completion) and by the re-entry times (i.e. the time between the premature exit and the time of cursor re-entry into the current target). Each behavioral parameter was first analyzed by a 2 x 2 mixed ANOVA with Condition [onetarget, two-target] as within-subject factor and Age-group [children, adults] as betweensubject factor). Subsequent targeted analyses using paired-sample t-tests were performed within each age group in order to explicate the different control strategies used by children and adults. All t-tests were two-tailed. The alpha level was set to 0.05. To combat potential outliers in the data, we based the analyses on median values obtained from each participant.
Neuroimaging data processing and analysis
Preprocessing, analysis and visualization of the fMRI data were carried out using SPM8 (The Wellcome Department of Cognitive Neurology, Institute of Neurology, University College London, London, UK), with a batch function in an in-house developed software (DataZ). The same procedures were employed for child and adult data.
The derived images were corrected for slice timing, realigned with unwarp to correct for head movements, spatially normalized using the standard DARTEL method, and smoothed by an 8mm FWHM Gaussian filter kernel. To remove low-frequency noise, statistical analyses were calculated on the smoothed data with a high-pass filter (130s cut-off period). Two scanning runs from one participant and a minor amount of data from three other participants had to be excluded from further analysis due to excessive head movements.
Because the conditions were blocked (one-target vs two-target), data were analyzed at the block level where a general linear model was fitted to the data from each participant. Two boxcar regressors were specified: One for the one-target condition, and one for the two-target condition. Thus, given that our task involved different components (such as motor planning, visual and auditory processing) we expected these regressors to capture the compound variability related to these components at the block level. The standard canonical hemodynamic response function was used to convolve the regressors and the relevant contrast statistics for each participant were derived from the general linear model. Six different motion regressors, corresponding to the three directions of translation (x, y, z) and three axes of rotation, were also incorporated, as were four constants (corresponding to the four consecutive runs) to account for the mean signal change between runs. The general linear model results were then entered into a random effects group analysis.
Regions of activity differences were first identified by a 2 x 2 (Condition [one-target, twotarget] x Age-group [children, adults]) mixed ANOVA, for identification of possible main and interaction effects. The group-average clusters with significant main or interaction effects were then used as masks for each individual participant to extract the percentages of BOLD signal change relative to the mean BOLD signal level, imposed by the one-target and the two-target condition. We then made targeted analyses within each condition using two-sample t-tests, in order to explicate the different brain activations elicited by the task in children and adults. All t-tests were two-tailed. Statistical inferences were made on the whole brain. Results are reported at a voxel-level (cluster-defining) threshold of p ≤ 0.001, with a cluster-level threshold of p ≤ 0.05 family-wise error (FWE) corrected for multiple comparisons.
Based on coordinates in MNI stereotaxic space, the localization of local maxima and clusters was initially assessed by the Automated Anatomical Labeling software (Tzourio-Mazoyer et al., 2002) . The MNI coordinates were mapped to the relevant Brodmann areas using the Yale BioImage Suite Package. We then validated this method of localization by visually comparing each significant peak in activation with the ALL brain map superimposed on the median anatomical MRI of the participants, after each participant's MRI had been stereotactically transformed into the same standard stereotactic space. In the minority of instances where differences were identified, we rectified the anatomical labeling of the detected effects to match the median anatomical MRI of the participants.
Results
Behavioral results
A summary of all the behavioral results is given in Figure 2A . In Figure 2B -G we further illustrate the differences in behavior between the two-target and the one-target condition, for adults and children, respectively.
Overall task performance
With regard to the overall task performance, measured as target rate (i.e. number of targets completed per second), the adults completed more targets than the children (main effect of Age-group: F(1,30) = 159.8, p < 0.0001; Fig. 2A , first row). However, there was also a significant interaction (F(1,30) = 136.4, p < 0.0001) between Condition (one-target, twotarget) and Age-group (children, adults). The target rate was higher for all adults in the twotarget compared with the one-target condition (t(15) = 8.15, p < 0.0001; Fig. 2B , left bar).
Conversely, the target rate was lower for all children in the two-target compared with the onetarget condition (t(15) = -8.49, p < 0.0001; Fig. 2B , right bar). <Figure 2 >
Transport phase behavior
With regard to the transport phase behavior, measured as transport time (i.e. time from goal completion to cursor entry into the next target; illustrated by green boxes in Fig. 1C ) the adults transported the cursor faster than the children (main effect of Age-group: F(1,30) = 144.6, p < 0.0001; Fig. 2A , second row). However, there was also a significant interaction (F(1,30) = 66.7, p < 0.0001) between Condition and Age-group. As previously reported in detail (Säfström and Domellöf, 2018) , the transport time was significantly shorter for the adults in the two-target compared with the one-target condition (t(15) = -11.1, p < 0.0001; Fig   2C, left bar) . Specifically, the adults managed to enhance the overall task performance (i.e. target rate) in the two-target condition with a predictive control strategy where they specified and released the motor commands for cursor transport towards the next target in anticipation of goal completion. In contrast, we did not find any manifestation of a predictive control strategy among the children, as, unlike the adults, the transport time did not differ significantly between conditions among the children (t(15) = 1.67, p = 0.12; Fig 2C, right   bar ).
If the cursor exited the target before goal completion the cursor had to be returned to the uncompleted target, which was detrimental to task performance. Given that performance in many tasks are slowed after an error (Dutilh et al., 2012) , there was a possibility that a premature exit could slow down the transport time in the following trial. In an additional analysis of the transport time, we therefore excluded all trials that immediately followed a trial where a premature cursor exit had occurred ( Fig. 2A, third row). For adults, the average transport time was indeed slightly shorter during the onetarget condition if these trials were excluded (i.e., the transport time was reduced from 0.78 s to 0.77 s; t(15) = -3.76, p < 0.005). There was no significant difference during the two-target condition (t(15) = -1.11, p = 0.29). For the children, the transport time became significantly shorter during both the one-target condition (the transport time was reduced from 1.18 s to 1.12 s; t(15) = -5.11, p < 0.0005) and the two-target condition (reduced from 1.24 s to 1.11 s; t(15) = -4.02, p < 0.005). However, even though we observed post-error slowing, the differences in transport time between the two-target compared with the one-target condition remained for both adults and children (Fig. 2D) .
That is, the transport time remained significantly shorter for the adults in the two-target compared with the one-target condition as they used a predictive control strategy (t(15) = -10.2, p < 0.0001; Fig 2D, left bar) , whereas there was no significant difference between the two-target and the one-target condition among the children (t(15) = 0.17, p = 0.87; Fig. 2D, right bar) .
Hold phase behavior
Thus, the difference in overall task performance between conditions for the children was not due to any differences with regard to the movements of the cursor between targets. Instead, it was related to differences between conditions during the hold period (illustrated by yellow box in Fig. 1C) concerning 1) the frequency of premature cursor exits from the target zone (i.e. cursor exits prior to goal completion) and 2) the re-entry time (i.e. the time between the premature exit and the time of cursor re-entry into the current target).
With regard to the number of premature exits, the children had an increased percentage (i.e., [number of premature exits / total number of exits] x 100) compared with adults (main effect of Age-group: F(1,30) = 68.2, p < 0.0001; Fig. 2A, fourth row) . These findings are in accordance with our expectation that, compared with the adults, the children would have difficulties with inhibiting the movement of the cursor until goal completion. However, there was also a significant interaction (F(1,30) = 21.7, p < 0.0001) between Condition and Agegroup. The adults displayed a slightly increased percentage of premature exits in the twotarget condition as compared with the one-target condition (t(15) = 3.59, p < 0.005; Fig 2E, left bar), characterized by an enhanced number of premature exits during the last 50ms of the hold phase, in agreement with a predictive strategy ( Fig. 2F ; see also Säfström and Domellöf, 2018) . The children also displayed an increased percentage of premature exits in the twotarget compared with the one-target condition (t(15) = 6.46, p < 0.0001; Fig 2E, right bar) .
However, the children displayed a more continuously elevated number of premature exits in the two-target condition during the whole 200ms time span (between 0.4-0.6s; Fig. 2F ), which generated a larger difference between the one-and the two-target condition, compared with the adults (explaining the significant Condition x Age-group interaction). Premature exits within the time span 0.4-0.6s of the hold phase were chosen because gaze exits toward the next target occur at about 0.4s after cursor entry to the current target (Säfström et al., 2014) .
Given the tight coupling between gaze direction and visuospatial attention (Kustov and Robinson, 1996) we therefore assumed that specification of the next movement vector (M NT in Fig. 1E ) occurred mainly after 0.4s, and that difficulties with movement inhibition in the two-target condition would be most accentuated during this period. Moreover, the continuously elevated number of premature cursor exits among children in the two-target condition during the whole 200ms time span is, rather than a manifestation of a predictive control strategy, consistent with the notion that the children had difficulties with inhibiting the movement vector for cursor transport towards the next target (M NT in Fig. 1E ) until goal completion.
Following a premature cursor exit, the participants had to return the cursor to the uncompleted target and redo the hold phase. With regard to the re-entry time, the adults had a shorter re-entry time compared with the children (main effect of Age-group: F(1,30) = 44.7, p < 0.0001; Fig. 2A, fifth row) . There was no significant interaction between Condition and Age-group (F(1,30) = 0.39, p = 0.54), as the re-entry time was significantly longer in the twotarget compared with the one-target condition both for adults (t(15) = 5.09, p < 0.0005; Fig.   2G , left bar) and children (t(15) = 3.41, p < 0.005; Fig. 2G, right bar) . For the children, this finding was reasonable assuming that a substantial fraction of premature exits in the twotarget condition occurred because the children failed to inhibit the movement vector for cursor transport towards the next target (M NT in Fig. 1E ). Therefore, they had to return a longer distance compared with the one-target condition where no movement vector towards the next target could be specified in advance (Fig. 1D ).
Summary of behavioral results
In conclusion, the adults had an increased overall task performance (i.e. main effect) compared with the children, in terms of 1) faster transport of the cursor between targets; 2) fewer premature cursor exits; and 3) faster re-entry to the target zone in case of a premature exit. However, we also observed several Condition x Age-group interactions related to different control strategies used by children and adults. All adults had an increased overall task performance in the two-target compared with the one-target condition. This suggests that the adults used a predictive strategy where the motor commands for cursor transport towards the visible next target were specified and initiated in anticipation of goal completion, which decreased the time for cursor transport between targets. Conversely, all children had a decreased overall task performance in the two-target condition. Thus, the children failed to employ an adult-like predictive control strategy, likely because of difficulties with inhibiting the initiation of motor commands that moved the cursor towards the visible next target.
Functional brain imaging results
Main effect of age group
To explore differences between children and adults in neural activity elicited by the task, we first analyzed the main effect of Age-group ( Fig. 3; Table 1 ). There were four clusters with a significant main effect: One cluster involved mainly the right prefrontal cortex (BA 8-10), two clusters involved the angular gyrus and the most dorsal part of the middle occipital gyrus bilaterally (BA 39), and finally, one cluster involved the middle cingulum bilaterally and the right precuneus (BA 23 and 31). In all these clusters, the adults had a decreased BOLD signal (relative to the mean BOLD signal level during the experiment), whereas the children had an increased BOLD signal (Fig. 3C) . Specifically, in all clusters there were significant differences in BOLD signal between the age-groups both during the one-and the twotarget condition (p < 0.001 in all cases; see asterisks in Fig. 3C) . Also, there were significant differences between the conditions within each age-group (except for the adults in cluster 4).
<Figure 3 and Table 1>
Interaction effects
In keeping with the behavioral overall task performance interaction, we also observed significant interaction between Condition (one-target, two-target) and Age-group (children, adults) with regard to brain activation patterns ( Fig. 4 ; Table 2 ). There were three clusters with significant interaction: One cluster involved parts of the cerebellum and the right occipital lobe, a second involved the left occipital lobe, and a third cluster involved frontal motor areas bilaterally. In all these clusters, both children and adults had an increased BOLD signal relative to the mean BOLD signal level during the experiment (Fig. 4B ). More specifically, the adults had a significantly higher BOLD signal during the two-target condition, as compared with the one-target condition, in all three clusters (p < 0.001 in all cases; see asterisks in Fig. 4B) . The children did not show the same tendency: they had a lower BOLD signal during the two-target condition, as compared with the one-target condition in cluster 3 (p < 0.01; no significant difference in cluster 1 or 2). Given this interaction, we continued with targeted comparisons between children and adults for each condition separately.
<Figure 4 and Table 2>
Effects of age group for each condition separately
There was no significantly increased neural activity in adults compared with children during the one-target condition. During the two-target condition, there was one cluster with significantly increased neural activity which involved the cerebellar vermis and the right fusiform gyrus ( Fig. 5A ; Table 3 ). In children however, compared with adults, there were several clusters with significantly increased neural activity during both the one-target and the two target condition ( Fig. 5B-C ; Table 3 ). First, there was increased activity in the right prefrontal cortex (BA 8-10) in both comparisons, and, during the two-target condition, also in the left prefrontal cortex (BA 9-10). Second, there was increased activity in the right angular gyrus (BA 39) in both comparisons, and, during the two-target condition, also in the left angular gyrus. And third, in both comparisons, there was increased activity in a cluster that involved the middle and posterior cingulum as well as the precuneus (BA 23 and 31).
<Figure 5 and Table 3>
Summary of fMRI results
In conclusion, compared with adults, the children mainly displayed increased neural activity in the right prefrontal cortex (BA 8-10), the angular gyrus (BA 39), and in the middle cingulum (BA 23 and 31). These activations were rather similar when children and adults were compared within the one-target and two-target condition separately. Compared with children, the adults showed increased activity in the cerebellar vermis and the right fusiform gyrus (BA 37) only during the two-target condition. Significant interactions between Condition (one-target, two-target) and Age-group (children, adults) with regard to brain activation patterns were found in parts of the cerebellum, the occipital cortex bilaterally, and in frontal motor areas bilaterally.
Discussion
The behavioral results support the hypothesis that a limited capacity to inhibit movements in children at early adolescence undermine their ability to employ efficient predictive control strategies in sequential manual actions, consistent with findings that adolescents have a reduced ability to suppress incorrect actions compared with adults (Hämmerer et al., 2010; Jonkman, 2006) . During single manual actions, children are able to use predictive control strategies at 8 years of age in lifting tasks (Forssberg et al., 1991) and during goal-directed reaching (Kuhtz-Buschbeck et al., 1998; Wilson and Hyde, 2013) . However, in more difficult tasks such as impulsive loading, it is not until 13-14 years of age that children display a fully efficient grip force strategy and an adequate interaction between predictive and reactive mechanisms, indicating that continued advances in control efficiency occur into adolescence (Bleyenheuft and Thonnard, 2010) . Further, in goal-directed sequential manual tasks, planning-related movement organization of children at 10-11 years old is not yet at an adult level (Domellöf et al., 2019; Wilmut et al., 2013) . In accordance, our data suggest that regarding predictive control during sequential tasks, continued development likely occurs beyond early adolescence (i.e. beyond the 11-14 years of age of our participants). This indicates that efficient phase transitions, or linking, is difficult to master. Adults can, in a sophisticated manner, automatically form a predictive control strategy that optimizes overall task performance by compensating for temporal uncertainty related to time estimation and execution of motor commands (Säfström et al., 2013; . A lack of response inhibition hindered the children to display any comparable predictive control. This could be interpreted as less mature performance either in terms of the task requiring higher-level effort as it was more difficult for the children, or as the children being generally "over-reactive" and requiring higher-level engagement to control reactive responses. In either case, prolonged experience and continued neurodevelopment through adolescence may be required to reach adult level of predictive control.
Regarding brain activations, we observed significant interactions between Condition
and Age-group in parts of the occipital lobes bilaterally, the cerebellum, and in frontal motor areas bilaterally. These interactions were not surprising given the behavioral interaction regarding overall task performance, i.e. the two-target compared with the one-target condition having diverging impact on children and adults. Specifically, an increased target rate involved more cursor movement and more changes in visual feedback on the screen (and vice versa if the target rate was decreased), which may explain the significant interaction in mainly motor and visual areas. In accordance with this suggestion, the adults had a significantly higher BOLD signal during the two-target condition (when they completed more targets), as compared with the one-target condition, in all areas with interaction. The children instead had a significantly higher BOLD signal during the one-target condition (i.e., when they completed more targets) in motor areas (no significant difference between conditions in visual areas).
In the adults, compared with the children, we observed increased neural activity in the cerebellar vermis and in the right fusiform gyrus (BA 37) during the two-target condition. The cerebellar activity was expected given that the task was smoothly and efficiently executed in adults during the predictive two-target condition (Ito, 2000; Debaere et al., 2004) . The activity in the right fusiform gyrus is indicative of early stage "ventral stream" visual processing involved in object perception and identification (cf. Goodale and Milner, 1992) , possibly in terms of perceptual processing of the next target, facilitating subsequent movement planning. Overall, the relatively sparse areas of increased activity in the adults can be interpreted as increased neural efficiency in sensorimotor task processing (Büchel et al., 1999) .
In the children, compared with the adults, however, a broader engagement of prefrontal, posterior parietal and cingulate regions was found. These activations were expected given the problems with response inhibition affecting task performance in children and the task being more demanding in terms of requirements for higher-level cognitive control (Kübler et al., 2006) . Accordingly, for both conditions, we observed increased neural activity in the dorsolateral prefrontal cortex (DLPFC; BA 8/9/10), mainly on the right side. The DLPFC has an important function in the executive control of overt, deliberate, intentional, non-automatic behavior (Wagner et al., 2001; Fassbender et al., 2004) . The children in our study were at early adolescence in terms of maturity. Adolescence is a period when brain structure and function undergo extensive changes, particularly regions and networks associated with inhibitory control, tuning of risk and reward, and emotion regulation. The development of cognitive control involves maturation of the prefrontal and parietal cortex (Gogtay et al., 2004) , increased myelination and white matter growth (Nagy et al., 2004; Liston et al., 2006; Giedd, 2008; Madsen et al., 2010) . The underdeveloped capacity to inhibit movements found is thus reasonable given that motor inhibition, including slowing down already initiated responses, relies on a functional prefrontal cortex (Sharp et al., 2010) , and that motor inhibition is facilitated by maturation of the frontal lobes at late adolescence (Steinberg, 2005) . There is also some evidence for a right-lateralized response inhibition mechanism in DLPFC (Blasi et al., 2006; Beeli et al., 2008; Hughes et al., 2014) , endorsing a possible relation between the observed increased demand for executive control and reduced capacity for inhibition in children. Furthermore, in tasks that require involvement of the DLPFC, the magnitude of the activation is positively correlated with task difficulty ("cognitive load") in TD children (Vogan et al., 2014) . In line with this finding, the problems with inhibiting movements were particularly pronounced during the two-target condition for the children, and the region of increased activity in DLPFC was also larger in the two-than one-target condition, extending to the left hemisphere.
We also observed increased neural activity in the angular gyrus (BA 39), part of the posterior parietal cortex (PPC), in children compared with adults in both conditions. Increased activity in the angular gyrus has been observed when executive task control is required relative to automatic performance (Kübler et al., 2006) , and the particular role of the PPC in executive control may be to allocate attentional resources within working memory (Kübler et al., 2003) . Furthermore, the right angular gyrus has been associated with visual attentional processing (Desimone and Duncan, 1995; Carter et al., 2017) , reorienting of attention toward salient stimuli (Gottlieb, 2007) and in encoding salient information (Singh-Curry and Husain, 2009 ). As such, the angular gyrus, and other parts of the inferior parietal cortex, has been suggested to be components in a "bottom-up" attentional network that automatically allocates attention to task-relevant events (Corbetta and Schulman, 2002; Ciaramelli et al., 2008) . Thus, if assuming that the task was more difficult for children than adults, the observed posterior parietal activity could be linked to an elevated need to direct attention to task performance.
However, adhering to the notion that the children rather were prone to be "over-reactive", an alternative interpretation would be to view the activity as more directly linked to the suggested role of the PPC in response inhibition (Osada et al., 2019) .
Finally, we observed increased neural activity in a cluster that mainly involved the posterior cingulate cortex (PCC; BA 23 and 31) in children compared with adults in both conditions. The PCC is interconnected with a large number of brain regions, including prefrontal and posterior parietal areas, and is recognized as an important integrative site for different functional networks (Leech and Sharp, 2014) . Functional connectivity has been demonstrated between the PCC and lateralized frontoparietal networks (involving both inferior parietal and prefrontal regions), suggesting that the PCC can regulate executive and attentional networks in the brain (Leech et al., 2012) . One important function for such regulation may be to enable adaptive behavior in response to a changing environment (Pearson et al., 2011) . Possibly, in our experiment, the observed engagement of brain regions associated with regulation of executive control and attention can be viewed as a functional response to a task that is resource demanding at an early adolescent age. Indeed, following the hypothesis of a domain-general network of cognitive control (Fedorenko et al., 2013) , all of the above discussed engagement of frontal, parietal and cingulate regions would be expected with increased task demand (particularly for the two-target condition). As this is a multipledemand system, the increased activity could also be linked to many different behaviors. Here, we highlight response inhibition and, possibly, task attention as two main activities engaging the system during sequential manual actions in children at early adolescence, affecting predictive control. In adults, the difficulty level of the task apparently was equally low between the one-and two-target conditions, with no need to engage cognitive flexibility. If so, an important developmental question would be when during later adolescence this shift in perceived task difficulty occurs.
In conclusion, during sequential manual actions, children at early adolescence (11-14 years old) showed evident problems with movement inhibition and failed to utilize a predictive control strategy. In contrast, adult participants formed a predictive strategy that enabled efficient phase transitions (Säfström and Domellöf, 2018) . Thus, with regard to predictive control during sequential tasks, continued development probably occurs beyond early adolescence. This is later progress than what has previously been reported in other manual tasks, suggesting that predictive phase transitions are challenging to master.
Specifically, predictive phase transitions were difficult for the children due to their limited capacity to inhibit movements, which resulted in an abundance of premature movements and affected task performance. The children displayed increased neural activity in prefrontal, posterior parietal and cingulate regions. We suggest that this activity reflects an increased demand for higher-level cognitive processing in the children related to poor movement inhibition and a lack of efficient predictive behavior. Specifically, the prefrontal activity may reflect an increased demand for executive control and the posterior parietal activity may reflect an increased demand for attention directed to task performance and/or playing a role in response inhibition.
Future studies are necessary to further determine when during development effective predictive control strategies are attained, possibly related to additional development of the frontal lobes facilitating movement inhibition and the cerebellum as having a predictive role in sensorimotor control during adolescence. Of clinical importance is to investigate how motor problems in individuals with neurodevelopmental conditions, such as autism and attention deficit hyperactivity disorder, may relate to difficulties with inhibitory control (cf.
von Hofsten and Rosander, 2012) . For example, deficits in inhibitory control may behaviorally be related to impairments in the execution of sequential actions seen in children with autism (Cattaneo et al., 2007) , and, possibly, to reduced activation in the right prefrontal cortex in tasks that require response inhibition (Xiao et al., 2012) . Table legends   Table 1 Brain regions with significant main effect of Age-group (children, adults) . Hemisphere (Lleft; R-right), brain region and Brodmann area (BA) refer to coordinates (X, Y, Z; provided in MNI stereotaxic space) of peak Z equivalent (Ze) values located within each cluster (voxellevel threshold of p ≤ 0.001, with a cluster-level threshold of p ≤ 0.05 FWE corrected for multiple comparisons). The cluster numbers refer to the neural activity indicated by encircled numbers in Figure 3 , and the number of significant voxels in each cluster is given within brackets.
Table 2
Brain regions with significant interaction between Condition (one-target, two-target) and Agegroup (children, adults) . Hemisphere (L-left; R-right), brain region and Brodmann area (BA) refer to coordinates (X, Y, Z; provided in MNI stereotaxic space) of peak Z equivalent (Ze) values located within each cluster (voxel-level threshold of p ≤ 0.001, with a cluster-level threshold of p ≤ 0.05 FWE corrected for multiple comparisons). The cluster numbers refers to the activations indicated by encircled numbers in Figure 4 , and the number of significant voxels in each cluster is given within brackets.
Table 3
Brain regions with significantly increased neural activity in adults compared with children, and vice versa, during the one-target and the two-target condition. Hemisphere (L-left; Rright), brain region and Brodmann area (BA) refer to coordinates (X, Y, Z; provided in MNI stereotaxic space) of peak Z equivalent (Ze) values located within each cluster (voxel-level threshold of p ≤ 0.001, with a cluster-level threshold of p ≤ 0.05 FWE corrected for multiple comparisons). The cluster numbers refers to the neural activity indicated by encircled numbers in Figure 5 , and the number of significant voxels in each cluster is given within brackets. Experimental apparatus and task. A: By actively applying isometric forces to a rigid forcesensitive manipulandum with their right hand, the participants controlled the position of a cursor on a computer screen. The manipulandum was connected to a custom-built optometric force transducer which was mounted on a height adjustable wooden support. A foam pad stabilized the wrist. B: The task was to, as quickly as possible, move the cursor towards a presented target, to actively hold the cursor within the target for a required duration of 0.6 s, before moving the cursor towards the next target. If the cursor exited the target zone prematurely (before the required hold phase duration of 0.6 s) the participant had to return the cursor to the target zone and restart active holding for 0.6 s. C: The task comprised sequential action phases of cursor movements (transport phase; green boxes, corresponding to green arrows in B) and active cursor holding (hold phase; yellow box, corresponding to yellow target in B). Visual and auditory feedback demarcated these action phases by indicating cursor entry into the target zone and goal completion at the end of the required hold duration.
Figure legends
D:
In the one-target condition, each target was presented one at a time on the screen along with the cursor. After the current target had been completed, a new current target appeared at an unpredictable location on the screen. Therefore, the location of the next target was always unknown during the hold phase. E: In the two-target condition, also the next target was present on the screen (along with the current target and the cursor). After the current target was completed, the next target became the current target, and a new next target was displayed at an unpredictable location on the screen. Therefore, the motor commands for cursor transport towards the next target (corresponding to the upcoming desired movement vector M NT ) could be planned in advance. However, the initiation of these motor commands had to be inhibited until goal completion to avoid a premature exit. The movement vector M NT (white arrow) represents the difference in spatial location between the next target and the cursor on the screen. D-E: The green arrows represents cursor movements (corresponding to green arrows in B and green boxes in C). The depiction of the screen represent the state during the hold phase (corresponding to yellow target in B and yellow box in C). Notably, the white arrow was not displayed on the screen during the experiment.
Figure 2
Behavioral results. A: The overall task performance was measured as target rate (i.e. number of targets completed per second; first row). The transport phase behavior (green area) was measured as transport time (i.e. time from goal completion to cursor entry into the next target;
second and third row). The hold phase behavior (yellow area) was analyzed by measures of the percentage of premature cursor exits from the target zone (i.e. [number of cursor exits prior to goal completion / total number of exits] x 100; fourth row) and by the re-entry times (i.e. the time between the premature exit and the time of cursor re-entry into the current target; fifth row). All values are means of the participants' medians ± 1 SEM. B: The difference in target rate between conditions was calculated as [target rate in two-target condition] -[target rate in one-target condition]. The target rate was higher for the adults in the two-target as compared with the one-target condition. In contrast, the target rate was lower for the children in the two-target as compared with the one-target condition. C: The difference in transport time between conditions was calculated as [transport time in two-target condition] -[transport time in one-target condition]. The transport time was shorter for the adults in the two-target compared with the one-target condition, whereas the transport time did not differ significantly between conditions among the children. D: In an additional analysis of the transport time, we excluded all trials that immediately followed a trial where a premature cursor exit had occurred. The transport time remained shorter for the adults in the two-target compared with the one-target condition, whereas the transport time did not differ significantly between conditions among the children. E: The difference in percentage of premature cursor exits was calculated as [percentage of premature cursor exits in two-target condition] -[percentage of premature cursor exits in one-target condition]. The adults displayed a slightly increased percentage of premature exits in the two-target condition as compared with the one-target condition. The children displayed a more pronounced increase in the percentage of premature exits in the two-target condition as compared with the onetarget condition. F: The children had an increased frequency of premature cursor exits from the target zone compared with adults during both the one-target and the two-target condition. increased neural activity compared with adults during the one-target condition. C: Brain regions in children with significantly increased neural activity compared with adults during the two-target condition. A-C: The neural activity is plotted on a single-participant standardized brain template in SPM8 and on slices corresponding to the participants' median T1-weighted brain, where the coordinate below each slice indicate the anatomical plane in MNI coordinates. L -Left; R -Right. Statistical inferences were made on the whole brain with a voxel-level (cluster-defining) threshold of p ≤ 0.001, and a cluster-level threshold of p ≤ 0.05 family-wise error (FWE) corrected for multiple comparisons. The encircled numbers refer to the cluster numbers in Table 3 . 
